The Big Occulting Steerable Satellite (BOSS) is a concept for a mission to improve the high contrast and high resolution capabilities of the Next Generation Space Telescope (NGST). The objective of BOSS is to facilitate the separation of dim objects (such as planets) from nearby bright objects (such as stars) by occulting the bright source, and to improve the resolution of closely spaced objects of comparable brightness (e.g., binary stars, microlensing events, etc.) by slowly transiting the source. We describe the current design of the BOSS, its optical performance, and the outstanding technical issues. We show how NGST in conjunction with BOSS could detect Earth-like planets out to at least 5pc, and Jovian planets well beyond 1Opc.
I. INTRODUCTION
The cutting edge of observational astronomy has largely pushed forward at two frontiers: the frontier of brightness (or more accurately dimness) and the frontier of angular resolution. New discoveries are made when new (larger) telescopes can collect and new detectors can detect photons from ever dimmer objects; and they are made when the relative directions from which those collected photons arrived can be reconstructed with greater precision then was ever before possible. Both of the forefronts have driven us over the centuries to ever larger telescopes, from Galileo's 2 inch refractor to the 10m twin Keck telescopes, the VLBI, and other modern instruments. However, progress can also be made by taknot more photons but rather better photons. The Big Occulting Steerable Satellite (BOSS) is a concept for a mission to improve the high contrast and high resolution capabilities of a space-based telescope, in particular the Next Generation Space Telescope (NGST), by culling the photons one doesn't want in an image and keeping the photons one does.
The idea is to steer a large occulting body into the line of sight between the space telescope and a bright target source. By so doing, one can greatly reduce the light from the bright source. If the occultation can be maintained for long enough, one can then enable the detection of a nearby dimmer sources. In this mode, one can, for example, directly detect the light emitted by an Earth-like or Jovian planet around a sun-like star out to 10-25 pc. Alternately, one can maneuver the occulter to slowly transit a compound source and measure the amount of light received as a function of time. One can then extract the spatial structure of the source from the temporal structure of the light curve. By doing this, one can improve the resolution of bright sources well beyond the diffraction limit of the telescope.
Below we will focus on the primary BOSS mission, which is to facilitate the direct detection by NGST of planets around nearby stars by blocking the direct starlight but allowing the starlight that is reflected off the planet's atmosphere or surface to pass through to the telescope.
--ing a step back from the relentless drive to ever larger apertures and asking if there is not some way to collect
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The telescope for which BOSS is being designed is the Next Generation Space Telescope. NGST will be a 6-8m 1
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class telescope, optimized for performance in the infrared (wavelengths longer than about 0.5 microns). Current mission plans are for deployment to the second Lagrangian point (L2) of the Earth-Sun system (cf. figure  2 ). This point, about 1.5 x 10" further from the sun than the earth along the sun-earth line, has the special property that a body placed at that point with the appropriate velocity will orbit the sun with a period of exactly one year, and so will remain in line with the earth and sun. Although the L2 point is an unstable equilibrium point in the gravitational effective potential, the time scale for all of the orbital modes (growing, decaying and periodic) around L2 are 5-6 months. L2 posesses unique advantages in that it is relatively clear of space debris (since it is an unstable equilibrium point), and the brightest background sources-the sun, earth and moon-are confined to one sector of the sky.
NGST is scheduled for deployment in 2007.
BOSS DESIGN
The current preliminary design of BOSS (figure 1) is a large (70m x 70m), thin-film membrane (approximately 0.5 mil), attached to and supported by inflated rigidized struts. A preliminary analysis suggests that two 99m long 0.51m wide 0.1" thick struts constructed on the diagonals of the square could adequately bear the anticipated loads and maintain the necessary stiffness. The attached membrane would have transparent elliptical zones near the outer edge, with graded and increased opacity toward the center of the satellite. The opaque central regions provide the occultation; the gentle transition to transparency makes the occultation darker by reducing diffraction around the satellite, the phenomenon of apodization. While it is well known that wavelengthindependent apodization can reduce difiaction when operating in the very far-field Fkaunhoffer limit, it is not well known that apodization can also be accomplished in the not-quite-so-far-field Fresnel limit, at least when circular symmetry is maintained [2] .
The transmissivity of the occulter may not in fact be circularly symmetric. The NGST is designed to be able to look only between 83 and 115 degrees away from the sun. However the sun-lit side of the BOSS must face away from the NGST if scattered sunlight is not to shine into the telescope. If BOSS were to be designed for deployment perpendicular to the line of sight to the occulted object, then it would only be usable when the object was between 83 and 90 degrees away from the sun. During occultations, the BOSS will therefore be oriented with the normal to the occulter plane inclined by 15 degrees to the the line of sight between the NGST and the target source. The lines of constant transmissivity in the occulter plane are chosen to be ellipses which when viewed in projection from NGST are circular. This use of elliptical symmetry, allows the satellite to be used in conjunction with NGST over a larger fraction of the sky, extending the use of the satellite to the zone from 83" to 105" away from the sun. (See figure 2. One immediate question is why BOSS is designed optically as an ellipse but structurally as a square. The explanation has, once again, to do with diffraction. In order to support an elliptic membrane, one would need to surround its circumference with an inflated strut. (The alternative of spinning the structure causes great difficulties when reorientation is necessary.) This strut will 2 have significant opacity, and its diffractive effects must be considered. Because the strut would be a large coherent structure, it acts as a large lens, diffracting light into the telescope, and unless it is less than a few centimeters thick, it seriously degrades the occulter's performance. The maximum thickness of the strut is insufficient to support the membrane tension.
IV. BOSS PERFORMANCE
BOSS, as described above, and deployed approximately 105km from NGST will block approximately 99.995% of the light from the occulted star. This performance relies on an ability to keep BOSS centered on the linerof-sight to within approximately 5m, correctly oriented to within approximately half a degree, flat to within approximately 50cm. It also assumes that at the edges of the occulter, a film transmissivity of 97% and an isotropic scattering of less than 0.01% can be achieved for 15 degree off-axis incidence, and that these optical properties can be maintained in the space environment for the mission duration. The limiting factor in BOSS'S performance is likely to be the maximum film transmissivity, which limits the effectiveness of the apodization. Antireflective coatings can readily achieve 97% at 1 micron, however, by etching a quarter wave plate into the surface of the film, one might be able to improve this transmissivity (and BOSS's performance) dramatically [3].
One should also be cautious in applying this single quantitative measure of BOSS'S performance -99.995%
nulling efficiency. The prime mission of BOSS is to directly detect planets around nearby stars by suppressing the direct starlight, but allowing the starlight reflected off the planet to pass through to the telescope. The target stars have a wide range of brightnesses; the planets around them, if any, will have a wide range of orbital radii, orbital inclinations, orbital periods, atmospheric albedos, etc. The ability to detect any given planet will therefore depend on the brightness of the star (which affects both the residual flux of diffracted starlight and the flux of reflected starlight off the planet), the angle subtended at the planet by the star and NGST, the angular separation of the planet from the star, and the residual flux of diffracted starlight at that angular separation. Below we will present some simulated images of planetary systems as viewed with NGST in conjunction with BOSS. These give the best indication of the utility of the occultation technique.
V. TARGET ACQUISITION AND STATION KEEPING
ules (pulsed plasma thrusters) that would enable very uniform impulse to be applied to the spacecraft. These thrusters would be used in part for travel between the lines of sight of one occultation target and another, although on such journeys, the acceleration would be provided at least in part by sailing in the solar radiation pressure. The thrusters would also be used, nearly exclusively, to perform the fine maneuvers to acquire and retain the target to within the necessary 5m tolerance. Target acquisition and station keeping will be done in one of two ways. In the optimum configuration, BOSS will be able to receive broadcasts from NGST. If this is the case, in the target acquisition phase BOSS will first position itself using standard telemetry as close as possible to the line of sight between NGST and the star. Once BOSS is properlyh positioned, NGST will take a series of images of the star and satellite (if necessary, BOSS will be fitted with a low power laser to act as a beacon). Each image will be downloaded to BOSS and then used to locate BOSS relative to the line of sight. After each image, BOSS's position and velocity will be adjusted. Using this optical feedback scheme it will be possible using the pulsed plasma thrusters to position BOSS so as to occult the star. Once the star is occulted, it will be possible to further refine the occulter position both by positioning BOSS relative to other known stars in the field, but more importantly by fitting the observed diffraction pattern of the occulted star to a series of pre-calculated templates. Simulations indicate that using this technique, BOSS can be kept centered on the line-or-sight within 5 meters for
If BOSS is unable to pick up NGST transmissions, then it will be necessary to establish and maintain the line of sight using measurements made on BOSS. The method for succeeding in an autonomous station keeping mode is currently under development.
up to 12,000s.
VI. ATTITUDE AND ORIENTATION CONTROL
Because it is anticipated that the transmissivity will have elliptic and not circular symmetry, both the inclination of the occulter plane relative to the line of sight and the orientation of the occulter plane about its axis must be controlled. If either the attitude or the orientation deviate excessively, the projected transmissivity will not be optimum and more light will diffract around the occulter into the telescope. Preliminary estimates indicate that both attitude and orientation must be maintained to within 0.5 degrees. These tolerances can be obtained using standard gyroscopes and flywheels.
Current design calls for 'the struts supporting the BOSS to have end caps with integrated propulsion mod-
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VII. BOSS LIFETIME
The main limitations on satellite lifetime are the finite supply of propellant for the plasma thrusters, and degradation in the optical performance of the occulter due to environmental influences. Of these the exhaustion of propellant is most likely to be the first mode of failure.
To change the satellite orbit to occult a particular object requires imparting an impulse: Ap = mAv, resulting in a change of velocity
(1) 
VIII. FINDING PLANETS
Planets shine in two ways. In reflected light, the brightness of a Jupiter-like planet orbiting 1 AU from a star is approximately times that of the star; the brightness of an Earth-like planet at the same radius is only about lop9 times stellar. These fall as 1/r2 as the orbital radius increases, but grow as the radius of planet squared. The spectrum of the reflected light is the same as that of the central star, processeded by the atmospheric or surface albedo. The spectrum therefore peaks at visible wavelengths and falls as the square of the wavelength for loner wavelengths.
Planets also glow as approximate black bodies characterized by their own temperatures. A planet's temperature is a strong function of its age, the central star's type and proximity, atmospheric composition, and internal heat sources; however, they are typically more than an order-of-magnitude lower than stellar temperatures. The peak wavelengths in their spectrum are therefore approximately 10 microns. Because diffraction angles scale linearly with wavelength, the diffraction at 10 microns is 10 times worse than the diffraction at 1 micron. Between the increased diffraction around the BOSS and the increase diffraction in the NGST itself, the benefits of the lower brightness contrasts between planets and stars at 10 microns are more than lost. We therefore focus on a 1 micron wave band (0.9-1.1 pm).
To study the benefits of employing BOSS in conjunction with a space telescope we have simulated the images produced by our solar system at 3 and 10 pc occulted by BOSS and viewed by an 8-m telescope. The BOSS design and the BOSS-NGST geometry are as described above. For our solar system we have included the Sunocculted-and the four brightest planets; Venus, Earth, Jupiter, and Saturn. The images have been calculated including wavelength averaging over the 1 micron waveband, and have been smoothed with the approximate point spread function (PSF) of NGST. (The PSF being the distribution of light in the image around the star's true position.) This has a diffraction-limited core and a Gaussian halo with a 1 as full-width half-maximum spread that has an on-axis value of
[5], corresponding to a relatively modest Strehl ratio of approximately 90%. (The halo arises due to scattering of light in the telescope optics.) A larger Strehl ratio, such as may ultimately be achieved for NGST, would increase the sensitivity of BOSS to planets at angular separations from the star large compared to the telescope diffraction limit.
A Gaussian random component equal to 1% the intensity of each pixel has been included to account for uncertainties in the PSF, as has an 8 photon per square milli-arcsecond background to account for the zodiacal light in the 0.9-1.1 pm waveband [5,6]. (Zodiacal light is sunlight reflected of interplanetary dust grains.) A somewhat higher value should be used for target stars near the ecliptic plane. The resulting image has been Poisson sampled (to account for shot noise in the number of p h e tons actually detected) to produce an image of the solar system. To identify planets, the template of the occulted star, and the uniform zodiacal-light background are subtracted off, leaving behind the noise in the star and zodiacal light and any planets. A planet is detectable if it can be identified above this noise.
The images are 3000s second integration 2 as x 2 as CCD images with 0.01 as x 0.01 as pixels. The central 0.2 as square (roughly 1.5 times the size of BOSS) is saturated and has been cut out for display purposes. At 3 pc Venus and the Earth are visible by-eye (see figure 3). Crude comparison of the simulated images to a planet-less template suggests that the detection of Venus is better than 7 sigma Gaussian equivalents assuming 1% uncertainty in the PSF (and is inversely proportional to 4 406 that uncertainty). The detection of Earth is better than 10 sigma Gaussian equivalents. Both Jupiter and Saturn are easily observable at 3 pc, but are off the CCD image shown here.
FIG.
3. Solar System at 3 parsecs: A 2 as by 2 as CCD image of the log of the intensity for our our solar system at 3 pc from BOSS as observed in the 1 pm waveband by an 8-m space telescope in a 3000 s exposure. The Sun at this distance has a bolometric magnitude of mf = 2.1 and is located at the center of the satellite. The central 0.2 as square (roughly the size of BOSS) has been cut out of the image. Both Venus (above) and the Earth (left) are observable. Jupiter and Saturn are easily detectable but are outside the field of view of this image.
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At 10 pc Venus is occulted by BOSS and the signal from the Earth is beneath the Poisson noise in the diffracted image of the sun near the edge of the BOSS, but both Jupiter and Saturn are easily identified (see figure 4) . The crude estimate of the statistical significance of these detections is that each is of order 100 sigma Gaussian equivalents or better, although at that level the statistics are undoubtedly not Gaussian. The limiting noise sources at these large angular separations from the central star is the uncertainty in the halo of the PSF and the noise in the zodiacal light background.
For comparison figure 5 shows the solar system at 10 pc as seen by NGST with no BOSS. The same process of subtracting the mean star and background has been applied so that what remains is the Poisson noise in the star and background as well as the planetary signal, which is not discernable. Finally we comment that the 1 pm waveband is a fairly good choice for gas giant planets. Although CH4 (which is prevalent in gas giant atmospheres) has an absorption feature at 1 pm, it is fairly weak and sufficient flux comes from the two edges of the waveband to compensate for this. Above about 1.1 pm strong CH4 absorption dominates the spectrum and drastically reduces the intensity of reflected light.
IX. TECHNICAL CHALLENGES
A number of technical challenges remain to be addressed before one can confidently begin building BOSS.
There are standard issues associated with constructing and deploying large light-weight structures. These problems are under active study by many groups and several missions in the NASA pipeline (such as the Next Generation Space Telescope, Geostorm, . . . ) depend on their solution. The challenges more specific to BOSS fall into two major categories-materials and controls; thought these challenges are relatively generic to large, lightweight space-based optical systems. There are many proposals for such systems, and such systems will likely be deployed in the next 10-20 years. These optical systems are essential if we are to continue to progress to the larger and larger apertures in space which will be needed to accomplish such objectives as detailed imaging other planets. Thus, many groups working on space-based optics are also addressing similar issues.
Under material issues, the most important outstanding technical specifications that one must simultaneously meet are:
1. limit diffuse scattering of sunlight passing through the film to an average of < lop4 of the incident flux, including the contributions from seams, points of attachment to the struts, . . .
2.
eliminate glint from the satellite -it must be less than that from a 1 mm2 patch shining directly into the telescope.
While we each of these criteria seems to be achievable, meeting all four requirements, while staying within the structural and mass limitations of the satellite, may be a challenge. The outstanding control issues are:
1. positioning the satellite relative to a space telescope to within a few meters of the line-of-sight at a separation of up to 100,000 kmand then maintaining that relative positioning for thousands of seconds while keeping the satellite sufficiently quiescent that it's nulling performance is undisturbed.
2. orienting the satellite with respect to the line of sight from the telescope to the source to a halfdegree accuracy, and then maintaining that orientation for thousands of seconds while keeping the satellite sufficiently quiescent that it's nulling performance is undisturbed.
Preliminary studies, carried out by the authors and their associates, and by engineers at Lockheed Martin Astronautics, suggest that these control issues are not insurmountable.
X. CONCLUSIONS
Occultations provide a powerful technique for resolving both large separations in intensity and small angular scales. BOSS will therefore significantly improve NGST's ability not only to detect planets but to image them directly. BOSS blocks all but 4 x lop5 of the light from a star in the 1 pm waveband. By doing the occultation outside the telescope, degradation of the nulling due to scattering inside the optics is avoided. The low effective gravity at L2 offers the possibility of obtaining very long exposures.
In this work we have shown that a 70 m x 70 m BOSS in conjunction with an 8-m NGST-class space telescope at L2 would enable the direct imaging of Venus, Earth, Jupiter, and Saturn at 3 pc. Earth and Venus would remain visible out to at least 5 pc. Both Jupiter and Saturn would be visible out to about 20 pc. Solar systems with Jupiter-like planets closer to their central star would be even more easily observed. Furthermore, photometric and spectrographic observations could be considered for these objects.
Many improvements can be made over the techniques employed here to aid in finding dim planets. A sophisticated reconstruction technique would greatly improve the "by-eye" technique presented here. Also using polarized light from the planet versus the unpolarized light from the star would significantly increase the separation of planets from the star. In spite of the simple techniques used here BOSS has been shown to be a powerful tool for discovering and imaging planets.
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We have discussed only briefly high resolution observations using BOSS, though our early estimates lead us to anticipate a capability to resolve binary sources a the well sub-milliarcsecond level. Further discussions will appear in upcoming papers, but BOSS'S potential for high resolution imaging, looks to be as exciting as its promise for planet discovery.
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